The role of vibrational excitation of reactants in driving reactions involving polyatomic species has been often studied by means of classical or quasi-classical trajectory simulations. We propose a different approach based on investigation of vibrational features of the Cl ----CH3Cl prereaction complex for the Cl -+ CH3Cl SN2 reaction. We present vibrational power spectra and frequency estimates for the title pre-reaction complex calculated at the level of classical, semiclassical, and second-order vibrational perturbation theory on a pre-existing analytical potential energy surface. The main goals of the paper are the study of anharmonic effects and understanding of vibrational couplings that permit energy transfer between the collisional kinetic energy and the internal vibrations of the reactants. We provide both classical and quantum pictures of intermode couplings, and show that the SN2 mechanism is favored by coupling of a C-Cl bend involving the Cl -projectile with the CH3 rocking motion of the target molecule. We also illustrate how the routines needed for semiclassical vibrational spectroscopy simulations can be interfaced in a user-friendly way to pre-existing molecular dynamics software. In particular, we present implementation of semiclassical spectroscopy into the VENUS suite of codes, thus providing a useful computational tool for users who are not experts of semiclassical dynamics.
Abstract
The role of vibrational excitation of reactants in driving reactions involving polyatomic species has been often studied by means of classical or quasi-classical trajectory simulations. We propose a different approach based on investigation of vibrational features of the Cl ----CH3Cl prereaction complex for the Cl -+ CH3Cl SN2 reaction. We present vibrational power spectra and frequency estimates for the title pre-reaction complex calculated at the level of classical, semiclassical, and second-order vibrational perturbation theory on a pre-existing analytical potential energy surface. The main goals of the paper are the study of anharmonic effects and understanding of vibrational couplings that permit energy transfer between the collisional kinetic energy and the internal vibrations of the reactants. We provide both classical and quantum pictures of intermode couplings, and show that the SN2 mechanism is favored by coupling of a C-Cl bend involving the Cl -projectile with the CH3 rocking motion of the target molecule. We also illustrate how the routines needed for semiclassical vibrational spectroscopy simulations can be interfaced in a user-friendly way to pre-existing molecular dynamics software. In particular, we present implementation of semiclassical spectroscopy into the VENUS suite of codes, thus providing a useful computational tool for users who are not experts of semiclassical dynamics.
I. Introduction
New quantum dynamics methods are important for the chemistry community to achieve an increasing accuracy in predicting and/or explaining experimental findings. However, often the use of quantum dynamics methods is confined within the laboratory that has introduced them. Instead, it is beneficial for any new method to be implemented in a way accessible to the greater community in order to test its robustness and provide useful feedback for further development of the approach.
In this paper we introduce a user-friendly implementation of the semiclassical initial value representation (SC-IVR) method [1] [2] [3] [4] for spectroscopic calculations via the VENUS classical chemical dynamics suite of codes 5, 6 . We then test the new implementation by calculating the vibrational power spectrum of the nucleophilic pre-reaction complex Cl ----CH3Cl of the Cl -+ CH3Cl SN2 reaction. In fact, a very important problem in gas-phase reaction dynamics is to understand how vibrational excitations of reactants affect the outcome of the chemical reaction.
This problem is common to both bimolecular and unimolecular reactions and quite often it is not clear how mode selective vibrational excitations may enhance the reactivity of a pre-reaction complex.
The complex is shown in Figure 1 . The bond between Cl a and the methyl group is much weaker than the C-Cl b bond, since Cl a is the anion colliding with CH 3 Clb, forming the Cla ----CH3Clb ion-dipole complex.
The goal of the paper is twofold. First, we want to explain how to better introduce the SC-IVR molecular dynamics (MD) into an existing molecular dynamics code running classical trajectories both on pre-fitted potential subroutines (VENUS 5, 6 ) or using on-the-fly calculations (NWChem-VENUS 7, 8 ). This approach can be applied to other existing chemical dynamics codes
and semiclassical methods have shown a good balance between feasibility and quantum accuracy.
2,
9-24 Secondly, we aim at describing how SC-IVR may be employed to shed some light on the mechanism of nucleophilic reactions from a quantum mechanical point of view. More specifically, we look at the importance of vibrational couplings in promoting an SN2 reaction, and the role played by anharmonic effects, which are neglected by the commonly employed harmonic approximation.
Classical dynamics have been an important way to computationally study SN2 reactions. [25] [26] [27] [28] [29] [30] [31] [32] A major finding from the classical simulations is that only a few modes of the pre-reaction complex are active in intramolecular vibrational energy redistribution. 26 As a consequence, the kinetic energy of the Cla -projectile is redistributed preferentially among these few modes. This inefficient intra-vibrational energy redistribution, which is not statistical and does not follow RiceRamsperger-Kassel-Marcus (RRKM) theory, is an important component of the SN2 reaction mechanism. 25, 30 A shortcoming of these simulations is that they provide a classical picture of the reaction dynamics without taking into account any quantum dynamical effects. Such dynamics have been partially accounted for by reduced dimensional quantum dynamics simulations. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] In addition, a series of quasi-classical trajectories [47] [48] [49] [50] [51] [52] [53] have been performed to supplement the previous simulations. We move a step forward in including quantum mechanical effects in the study of SN2 reactions by focusing on the Cl ----CH3Cl pre-reaction complex. Specifically, we study the full-dimensional quantum vibrational motion by Fourier transforming the vibrational wavepacket autocorrelation function with the goal to decipher vibrational couplings between modes.
The paper is organized as follows. In Section II the SC-IVR method for spectroscopic calculations is recalled. In Section III we show how the method has been implemented into the VENUS suite of codes. Section IV illustrates some approaches which can be employed for studying the vibrational couplings, including a tailored one based on the SC-IVR method. The results are presented and discussed in Section V, while Section VI concludes the paper.
II. The Semiclassical Initial Value Representation Method for Spectroscopic Calculations
In this paper we focus on the calculation of power spectra I(E) of molecular systems. Given the Hamiltonian ̂, its power spectrum is the Fourier transform of the survival probability amplitude 54 of an arbitrarily given reference state | ⟩
In the semiclassical (SC) approximation, the quantum time-evolution operator −̂/ℏ appearing in eq. (1) is reformulated in a more practical way by stationary phase approximating the sum over all possible paths appearing in the Feynman Path Integral representation. 55 This restricts the sum over all possible paths to a sum over all possible classical trajectories connecting the two endpoints of the propagator. 56 Unfortunately, the rigid double-boundary condition makes the search for these classical trajectories cumbersome. W. 
and where (p(0), q(0)) is the F-dimensional classical trajectory initial phase space condition,
) is the classical action, and Ct(p(0), q(0)) indicates the pre-exponential factor. The coherent states are of the type
where Γ is usually set to be a diagonal width matrix with elements equal to the harmonic vibrational frequencies for bound state calculations. The pre-exponential factor is equal to
where Mij = ∂it/∂j0, i, j = p, q is itself a matrix which represents a generic element of the monodromy (stability) matrix. 58, 69 The accuracy of the symplectic time evolution of the classical trajectories is monitored by checking at each timestep the deviation of the determinant of the positive-definite matrix M T M from unity 58 .
Unfortunately, Monte Carlo integration of eq. (2) 
eq. (5) is the separable semiclassical time-averaged initial value representation (TA-SC-IVR) approximation for power spectra calculations. It does exploit an additional time integration to reduce the number of classical trajectories needed for the phase space integration. Equation (5) is also quite computationally convenient, since the phase integration is performed for a positivedefinite integrand. It is found to be quite accurate over a wide range of molecular applications. . We choose eq to be the equilibrium position vector, while eq is set in a harmonic fashion as ( , ) 2 /2 = ℏ ( + 1/2), where j is a generic mass-scaled normal mode and is the associated frequency.
Results of this approximation are quite accurate and MC SCIVR is a fairly good and trusty choice when the full phase space integration of eq. (5) is not doable, as in a complex system such as glycine. 71, 72, [77] [78] [79] [80] [81] [82] [83] 
III. Implementing the Semiclassical Initial Value Representation Method into VENUS
The SC-IVR method was integrated into the general chemistry computer program VENUS 
IV. Methodology
The full dimensional and global potential energy surface (PES) employed for the semiclassical power spectra calculations of the Cl ----CH3Cl pre-reaction complex was obtained by refining an ab initio analytical surface with experimental data. 31 The PES was implemented into the VENUS suite of codes 5, 6 and it was tested over the years with classical trajectory simulations. [25] [26] [27] [28] [29] [30] [31] In particular, rate constant calculations proved the PES to be quite reliable. 31 The surface is written in terms of internal coordinates, and it describes the reactant Cl -approaching the CH3Cl moiety. As Cl -and CH3Cl approach, the potential energy decreases because of the stretching and angular deformations induced by the attractive ion-dipole and ion-induced dipole forces. However, a pre-reaction complex is formed when the nucleophile and the carbon are bonded. The classical dissociation energy of the pre-reaction complex is 10.32 kcal/mol. The leaving group needs to surmount a barrier of 13.92 kcal/mol to leave the complex and complete the reactive process. A bi-dimensional cut of the PES employed is reported in Figure 3 , showing the pre-reaction well. The vibrational energy levels of this multidimensional well are calculated and analyzed for spectroscopic features hinting at couplings between the vibrational modes.
To calculate the spectra we determined the full dimensional phase space integral of eq. (5) by sampling the initial classical trajectory positions around one of the two minima in Figure 3 , and the momenta sampled around the harmonic zero point energy value with a Box-Muller method 87 according to a Husimi distribution 70 . The trajectory time-dependent positions are reported in color in Figure 3 . None of the sampled trajectories escaped the potential well resulting in cluster dissociation or ending up in the other potential well (isomerization). Thus, the trajectories are bound and may be employed for vibrational spectra calculations of the pre-reaction well (provided the accuracy of the determinant of the monodromy matrix along the trajectory is sufficiently accurate for semiclassical calculation).
The most intuitive and direct way to evaluate the amount of coupling between modes is to look at the Hessian matrix off-diagonal elements at the classical PES global minimum. In normal mode coordinates, as in our case, these couplings are zero. In this case, then, one can either look at the higher potential derivatives, as in vibrational perturbation methods, 88 or calculate the Hessian at other representative geometries and take an average of the type
where N is the number of sampled PES locations and Hij (tk) is the ij matrix element at the timestep tk. We believe that a very representative collection of Hessian matrix elements is the one calculated during a classical trajectory starting at the global minimum geometry with a kinetic energy equal to the harmonic vibrational zero-point energy. The harmonic initial conditions bias the sampled PES somewhat above the actual quantum mechanical anharmonic zero-point energy and include anharmonicity effects typical of fundamental and lower overtone vibrational dynamics.
Two modes are considered to be coupled if ̅ > , where is a fixed and arbitrary threshold value. If ̅ < they are still considered coupled if there is a third mode k such that both ̅ > and ̅ > . In this case, all three modes, i, j and k, are considered as coupled to each other and they are enrolled in the same "subspace", where a subspace with a collection of strongly interacting degrees of freedom is intended. Clearly, when ϵ = 0 all modes are coupled, while for a big enough value of ϵ all modes are decoupled. 81, 83 In other words, to provide a complete coupling evaluation, different choices of ϵ must be tested.
A more accurate classical approach is to investigate energy flowing from one degree of freedom to another. This can be conveniently done by employing Liouville's theorem, which states that the infinitesimal phase space volume ( ) ( ) is constant along a classical evolution or equivalently, that the Jacobian
is such that det( ( )) = 1 at any time for the Hamiltonian (i.e. energy preserving) evolution. As an illustrative example, we consider two uncoupled degrees of freedom. Then, det( ( )) = det(̃1( ))det(̃2( )), where ̃( ) is the Jacobian of the i-th degree of freedom. In other words, if the group of modes are not coupled to each other, then the determinant of the full dimensional Jacobian is exactly equal to the product of the determinants of the sub-dimensional Jacobian matrices, because the full dimensional Jacobian can be written as a block diagonal matrix. 83 This observation can be very useful when trying to decipher the amount of coupling between modes.
Upon setting the number M of degrees of freedom to be coupled out of the total F modes, one searches among all possible combinations of M modes from the larger set of F modes to find the M-dimensional subspace for the trajectory that has an average determinant of the Jacobian ̃( ) closest to unity. 83 We denote this approach as "Jacobi's criterion" from now on, and we will look for different sizes of mode coupling combination groups. The main drawback of Jacobi's criterion, with respect to the Hessian one, is that it has substantially a higher computational cost.
A quantum mechanical approach able to unveil the coupling between different vibrational modes can be obtained by inspecting the semiclassical power spectra calculated for different reference states | ⟩. The reference state is usually written as the direct product of one dimensional coherent states
and all types of vibrations are included. However, to enhance only spectral signals that correspond to eigenvalues with odd vibrational quantum number for a given j-mode and, at the same time, 
as demonstrated by one of us for a set of harmonic oscillators. 76 ξj is a parameter equal to ±1 according to the desired combination. In the example above, the peak is filtered to be the fundamental excitation of the j-th mode and the even excitations (or no excitations) of all the other modes. Thus, the allowed peaks will be given odd excitations of mode j and even or no excitations of the other modes. Given the Husimi trajectory sampling, the fundamental excitations Secondly, it is a quantum mechanical approach and it includes the role played by quantum mechanical effects in energy exchange between modes. This is important for having novel insights into the well-studied nucleophilic reactions.
V. Results and Discussion
The goal of this section is to show how the methodology described in Sec. II may provide a deep physical quantum mechanical picture, in particular for the reaction mechanism of nucleophilic reactions. We adopt a spectroscopic approach and calculate the vibrational frequencies at different levels of approximation. We first report the classical power spectrum for the fundamental frequency estimates. Then we calculate several spectra using the semiclassical approximation of eq. (5) At low frequency values, one can detect the fingerprints of bending and stretching involving the weakly bound Cl -, while at higher frequencies deformation of the molecular CH3Cl species is observed. A detailed assignment is reported further below in Table I and a discussion will follow.
B. Semiclassical power spectra
We now add quantum mechanical effects to our classical trajectories by using eq. (5) to calculate the power spectrum of the Cl ----CH3Cl complex. As explained above, the choice of the reference state | ⟩ allows for peak selection. When using a combination of the type given by eq. Table I . The first column of this table enumerates the modes, while in the second column the corresponding irreducible representation of the C3V point group of symmetry is listed.
Eight modes belong to the E irreducible representation, while the remaining four to the totalsymmetric A1 irreducible representation. The description of each normal mode is reported in the third column. Column four gives the harmonic frequencies, which are commonly employed to evaluate the accuracy of a PES. However, the following columns show how harmonic values can be significantly corrected once the anharmonic effects are accounted for. It is interesting to note that the anharmonicity can shift the harmonic estimates both to lower or higher values. For example, the high CH stretch frequency modes are less stiff after the inclusion of anharmonic effects. Instead, the CH3 deformation modes are stiffer. The classical simulation does account for anharmonicity, since the classical trajectories explore all the PES beyond the harmonic surroundings of the global minimum. Also, the classical simulation is able to catch normal mode resonances, which show up as beatings in the correlation functions. For example, in our case, the classical dynamics calculation shows how the two highest frequency CH stretch modes, which are degenerate at the global minimum according to the E irreducible representation, are split into two peaks due to the Fermi resonance occurring with the CH3 deformation modes 7 and 8 which also belong to the E irreducible representation. In fact, the double of the fundamental frequency of modes 7 and 8 is not far from the CH stretch fundamental. This coupling is not observed at a harmonic level of theory. Thus, the vibrational picture is quite complicated and the modes are strongly coupled. This conclusion is supported by the observation in Figure 5 that included in the spectra are several peaks of strong intensity in addition to the fundamental mode. These peaks denote the presence of several overtones and peak splittings. A comparison with the classical picture of Figure 4 shows that the quantum mechanical vibrational motion of this pre-reaction complex is much more complicated than its classical counterpart. In fact, the numerous quantum overtones do not belong to a single mode but to combinations of different modes. This proves that the tentative standard classical picture of independent normal modes is far from being realistic.
From 31 This peculiarity of the mode 4 frequency can be related to weakening of the C-Clb bond when the C-Cla one is created and the complex formed.
Finally, we compare the semiclassical results of Table I with other quantum vibrational methods. For this purpose, we performed VPT2 88, 89, 92 calculations using the MOLPRO suite of codes. 93, 94 We chose two levels of ab initio theory to compare with the PES employed in the dynamic calculations. The first VPT2 calculation was performed using HF/6-31G*, which is the level of theory for the ab initio points of the PES. 31 The results are reported in Table II in the fourth and fifth columns, respectively for the harmonic and VPT2 approximations. The second calculation was at the level of MP2/6-311++G** and the results are reported in the last two columns of the same Table. The most striking feature is that this vibrational quantum mechanical method is not able to quantitatively reproduce the Fermi resonance splittings observed both in the dynamics calculations described above and in the experiments. 91 This can be in part explained considering that the present VPT2 version is based on a perturbation calculation done at the global minimum, where the C3V symmetry enforces the double degeneracy. Newer VPT2
implementations, which are in the process of testing, are better suited for the Fermi resonance calculations. 95 VPT2 is quite accurate in accounting for anharmonic effects. [96] [97] [98] [99] [100] [101] If 
C. Understanding couplings between the vibrational modes
We now focus on the investigation of couplings between the vibrational modes of the prereaction complex. The goal is to reach a deep and quantum mechanical physical insight into the nucleophilic reaction mechanism. In previous publications, [25] [26] [27] [28] [29] classical trajectories with different initial conditions have been the main tool for investigation of vibrational couplings and the reaction mechanism. In the following we employ three alternative approaches, outlined in the methodology Section IV.
The first approach is based on the Hessian matrix of eq. (6) averaged over a classical trajectory started from the global minimum, i.e. the most probable trajectory in the semiclassical calculation described above. We track the subspace composition for different coarse-grained parameters ϵ. by decreasing the graining, the other two modes related to the Cla motion, i.e. the bending ones labeled by 1 and 2 in Table I , are shown to be less coupled. From these considerations we come to a first conclusion which is that the bending motions involving Cla are more coupled to the CH3Clb molecule than the C-Cla stretch. This is directly related to the observation that the Cl on trying to break down the full-dimensional vibrational space into even smaller subspace, we find that the next mode to be separated in this artificial uncoupling procedure is the C-Clb stretch, leaving the methyl group vibrations into one subspace. This suggests that Clb is somehow more coupled to the methyl group than Cla, which is expected. Finally, all one-dimensional subspace are found for a big enough ϵ value, i.e. ϵ > 10 −6 .
A more sophisticated method to investigate vibrational couplings is the Jacobi's criterion, described in Section IV. Figure 7 reports the deviation from unity of the determinant of the reduced dimensionality M Jacobian det (̃( )) for the same classical trajectory employed in the case of the averaged Hessian procedure reported above. Clearly, there is no deviation from unity of the determinant in Figure 7 for M = 12, since in this case the Jacobian is full dimensional and
Liouville's theorem is fully satisfied. Lowest deviations from unity can be found for subspace of dimensionality M = 11 and M = 9, or equivalently M = 3 since these are the three degrees of freedom left out by the 9-dimensional subspace. In the case of M = 11, the subspace is composed of all degrees of freedom with exception of the C-Cla stretch, in agreement with the averaged Hessian results. When the breakdown of the vibrational space into two subspaces of dimension 9 and 3 is enforced, we find that the 9-dimensional space is composed of all the modes related to the CH3 vibrational motion with the addition of one C-Cla bending. This is a key result, since it shows once again that in terms of energy flowing from one mode to another, it is one C-Cla bending which is responsible for the transfer of the incoming collisional energy to the methyl group leading to nucleophilic substitution. The Jacobi's criterion shares with the Hessian method the importance of the C-Cla bending mode for the reaction mechanism and differs from it in suggesting the C-Clb stretch to be less coupled to the methyl group than the C-Cla bending ones. If M is set equal to 8, then we find the eight methyl group vibrational modes as the best eight-dimensional Jacobi subspace.
Both previous procedures are classical and based on a single trajectory. We aim at including quantum mechanical effects and a statistical average over thousands of trajectories for our vibrational coupling study. For this reason, we look at the semiclassical spectra plotted in Figure 5 . The overtone peaks of each partial spectra clearly suggest some kind of coupling between the modes. However, a definitive assignment of each peak is quite cumbersome, due to the complexity of the system. Since we are interested on how the low frequency modes, which are related to the Cla motion, are coupled to the other modes, we examine in Figure 5 couplings between these modes and the CH3Clb modes. It is clear from Figure 5 that the spectrum providing the fundamental of mode 6, one of the CH3 rocking modes, shows many low frequency overtones.
This suggests that a key role in activation of the nucleophilic reaction is played by the CH3 rocking vibrational mode. It is interesting that the other CH3 rocking mode, mode 5, is not as strongly coupled to other modes as mode 6. Figure 5 also shows that the high frequency modes, i.e. CH3
deformations and CH stretches, are much less coupled to the low frequency modes. This is also in agreement with the previous findings that the mode specific excitation of the CH3 deformation does not promote the SN2 reaction [25] [26] [27] [28] [29] [30] [31] and excitation of CH symmetric stretching modes is ineffective to SN2 reaction as shown in a recent experimental study. 102 We stress once more that this conclusion has been reached with a quantum mechanical approximate method and employing 500,000 classical trajectories.
VI. Conclusions and Outlook
In this work, we have presented implementation of SC-IVR MD for spectroscopic substitution. This conclusion was in part suggested in a previous publication, 31 where it was observed that the CH3 rocking mode changes a lot along the reaction path. A significant role in this steering orientation is given by the chloromethane dipole moment which orients the reactants, especially at low temperatures. 29 However, the quantum mechanical picture of the semiclassical calculations is less neat and it suggests that there are probably several paths that can contribute to promote the CH3 rocking − C-Cla bending energy exchange, which we conclude to be the core of the reaction mechanism.
Additionally, the SC-IVR spectroscopic calculation provides anharmonic vibrational zeropoint energy with errors within a few wavenumbers, which is essentially very accurate for the anharmonic zero-point energy correction in thermochemistry. One may perform such an SC-IVR calculation with much fewer trajectories or with just the most probable trajectory to calculate the quantum anharmonic zero-point energy of a molecule. This is more practical and reliable when comparing thermochemical data with experimental measurements than using the harmonic zeropoint energy. a. Frequencies are in cm -1 and for the PES used in the simulations. The first column enumerates the modes, the second reports the corresponding irreducible representation of the C3v symmetry group and the third the type of normal mode. In the following columns the frequencies respectively in harmonic, classical, and semiclassical (with 200,000 and 500,000 trajectories) approximation are reported.
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